The current National Ambient Air Quality Standard (NAAQS) for ozone (03), 0.12 ppm, is based on the health effects due to acute exposures of 1 hr as measured by continuous monitors. However, exposures to 03 for up to 8 hr at less than 0.12 ppm have been shown to result in progressive and significant changes in respiratory function in exercising individuals (1-3), suggesting that the current 03 standard may not sufficiently protect public health. In response, one of the alternative 03 standards being considered by the EPA is the 8-hr average concentration (4). The use of the integrated passive monitor to obtain exposures greater than 1 hr can greatly enhance our ability to determine the dose-response relationship for acute exposures to 03 The purpose of this study was to investigate personal 03 exposures among subjects during both spring and fall seasons in the Alpine area and to investigate the feasibility of using ambient 03 measurements from one outdoor fixed site as well as the activity patterns from the subjects to predict personal 03 exposures. This study further examined the influence of outdoor temperature on activity patterns and the effects of activity patterns on personal 03 exposure levels. In addition, the extent of the effects of outdoor 03 spatial variation on the predictive power of personal exposure models was investigated.
The current National Ambient Air Quality Standard (NAAQS) for ozone (03), 0.12 ppm, is based on the health effects due to acute exposures of 1 hr as measured by continuous monitors. However, exposures to 03 for up to 8 hr at less than 0.12 ppm have been shown to result in progressive and significant changes in respiratory function in exercising individuals (1) (2) (3) , suggesting that the current 03 standard may not sufficiently protect public health. In response, one of the alternative 03 standards being considered by the EPA is the 8-hr average concentration (4) . The use of the integrated passive monitor to obtain exposures greater than 1 hr can greatly enhance our ability to determine the dose-response relationship for acute exposures to 03. The 12-hr 03 measurements are biologically significant when combined with the retention factor of 03 in the deep lung and the ventilation rate to produce the 12-hr delivery dose of 03 (5) . Our recent epidemiologic study showed that these 03 dose estimates, not 1-hr maximum 03 measures at the stationary site, were associated with respiratory symptoms and inhaler use among asthmatics (5 03 .
Previous studies (6) (7) (8) (9) that examined short-term (12-hr) personal 03 exposures have involved relatively short monitoring periods, generally less than 5 days, or monitored less than five subjects simultaneously. Epidemiological research on the acute and adverse respiratory effects of 03, on the other hand, generally involves repeated daily measurements over several weeks or months in larger cohorts (panel 
studies).
To examine personal 03 exposure and its determinants in a setting directly relevant to epidemiological research, the present exposure assessment study was integrated into two consecutive asthma panel studies. More precisely, this study involved daytime (12-hr) personal 03 monitoring in cohorts of 23 and 18 subjects for two 8- week periods during the spring and fall of 1994, respectively. Extensive outdoor active monitoring throughout the study region was conducted during the fall period. Because of the diverse geographical characteristics of the study area, it was possible to examine variations of 03 concentrations in a three-dimensional domain.
The purpose of this study was to investigate personal 03 exposures among subjects during both spring and fall seasons in the Alpine area and to investigate the feasibility of using ambient 03 measurements from one outdoor fixed site as well as the activity patterns from the subjects to predict personal 03 exposures. This study further examined the influence of outdoor temperature on activity patterns and the effects of activity patterns on personal 03 exposure levels. In addition, the extent of the effects of outdoor 03 spatial variation on the predictive power of personal exposure models was investigated.
Methods
This study was conducted in the Alpine area of San Diego county, California. Alpine (population -12,000) is located approximately 20 miles east of San Diego. Residents of the Alpine community live around or above the base of the average air inversion layer (1, 200 ft or 366 m above sea level) (10) . High levels of 03 above 120 ppb have been measured on many days per year and a permanent government monitoring site (using a continuous UV photometric 03 analyzer) has been in operation since 1981.
The Harvard 03 passive sampler was used for personal monitoring. The principle of the sampler is oxidation of nitrite (NO2-) by 03 to form nitrate (NO3-), which is quantified by ion chromatography (11) . Field blanks (n = 184) and duplicate samples (n = 52) were used for quality assurance and quality control (QA/QC). The limit of detection (LOD), calculated as three times the standard deviation of the field blank values, was 17 ppb of 03 for the 12-hr average samples. The uncertainty, defined as the variance of difference between duplicates divided by N (12), was 3 ppb.
Subjects recruited for the spring study included 9 males (mean age = 18 years; range = 10-38) and 13 females (mean age = 24 years; range = 10-47). Of these subjects, 13 were pediatric subjects and 9 were adults. Informed consent was obtained from all subjects who were monitored simultaneously from 9 May to 3 July 1994. During the fall, 18 subjects were monitored simultaneously from 6 September to 31 October 1994. These subjects included 11 males (mean age = 16 years; range = 9-38) and 7 Articles -Ozone exposure assessment in Southern California females (mean age = 21 years; range = 9-38). Of these, 13 were pediatric subjects and 5 were adults. Fourteen subjects had been previously monitored in the spring. The monitoring duration was approximately 12 hr, starting when subjects awoke, generally between 6 and 8 A.M. Subjects were given clock-shaped time-activity diary forms to record activities (time indoors and outdoors, in Alpine area or outside Alpine area), the level of physical activities, and the use of air conditioning. The time resolution of the diary is 15 min.
The study area is located in a complex terrain, with an altitude ranging from less than 600 ft in the west to over 2,000 ft in the northeast (Fig. 1) where Fa= fraction of time spent indoors with A/C on. The split sample approach (16) , in which samples were randomly split into two groups for model construction, was used to examine model reliability. Colinearity also was examined by calculating the condition index. (Table  4 ). The split sample approach also was used to examine the model reliability. The difference in R2 values between the split data sets is 0.01, demonstrating the reliability of the model. For Model 2, the regression coeffi- 
Time-Activity Patterns Versus Exposures
The results of our study show that peak O3 concentrations occur at times when subjects are likely to be outdoors, as shown in Figure 3 . Therefore, peak exposures should occur between 11 A.M. and 1 P.M., when subjects were likely to be outdoors. However, even at the peak of the outdoor activity profile, less than 35% of the time was spent outdoors. Therefore, subjects were generally not exposed to the high outdoor O3 concentrations as would have been measured by the outdoor monitors. In addition to the hour of the day, whether subjects spent their time outdoors also depended on the temperature. As shown in Figure 4 , outdoor activities increase with temperature between 50 and 70°F. When the temperature is higher than I4--Ambienti3| Articles -Ozone exposure assessment in Southern Califoria the low R2 for exposure models based on stationary measurements. Active measurements. The spatial pattern of outdoor 03 concentrations in the Alpine area is further examined using the active 03 measurements at the additional monitoring sites (Fig. 1) . The contour plot for the average outdoor 03 concentrations in fall (Fig.  5) shows that sites near the town of Alpine have the lowest 03 concentration while sites at the highest elevations have the highest 03 concentration. Table 5 summarizes 03 concentrations at different elevations and traffic conditions. The mean outdoor 03 concentrations at elevations less than 600 m are comparable. The mean concentration for sites located at elevations greater than 600 m is on average 10 ppb higher than others. Ozone concentrations at locations in low to medium traffic areas are on average 5 to 6 ppb higher than those located in heavy traffic areas. The GLM results indicate that after controlling for the effect of day of study, both traffic (p<0.01) and elevation (p<0.001) trends are significant. To predict 03 concentrations at the active sites, continuous measurements at the Alpine APCD site are first used as the only predictor in a regression model (R2 = 0.49). However, the multiple regression model, which indudes traffic conditions (1, light; 2, medium; 3, heavy), distance between the active and Alpine APCD sites, and elevation, only improves the predictions slighdy (R2 = 0.53).
Personal measurements. The cross-sectional correlation was calculated to further compare personal exposures with the Alpine APCD site measurements. The R2 varies substantially by subject, ranging between 0 and 0.25. The low R2 may be attributed in part to the spatial variability in outdoor 03 concentrations. Figure 6 shows the relationship between individual 18 values and the distance between the subject's home and the Alpine APCD site. A decreasing correlation with distance for possibly two groups of subjects is observed. The first group, above the fitted curve, exhibits a higher correlation with the Alpine measurements even at distance as far as 12 km. The second group shows a rapid decrease in 18 with distance. Most subjects in the first group (five out of six) live in areas with low to medium traffic, which are comparable to the traffic conditions at the Alpine APCD site. This contrasts with the second group, with subjects living in areas with medium to heavy traffic.
To examine the effect of this spatial variability, the microenvironmental model is modified by adding predictive factors, including traffic conditions, three-dimensional distance from the home (or school for students during weekdays) to the Alpine APCD site, and the difference in (Table 6 ).
040
Because subjects tended to be outdoors 0.40 during 03 peak hours (Fig. 3) (Table 6 ) to replace C0. However, these that the distances are only an approximation.) models did not improve the R2 values.
Curve fit: I = 0.04 + eOSx. (12) . Correlations between personal exposures and the outdoor measurements varied among subjects due to various activity patterns and geographical and demographic characteristics near the home, school, or workplace. Intrasubject variance and monitoring error probably account for most of the variability in personal exposures. Less than 40% of the variance in personal 03 exposure was attributed to intersubject and day-ofweek variabilities.
Based on outdoor concentrations obtained from the Alpine APCD site and time-activity information collected from the subjects, simple personal exposure models predict 20% and 6% of the variability in the measured personal exposures in spring and fall, respectively. Although such predictive powers are low, the models are reliable when assessed by the split sample method. Inaccurate time-activity information on the use of air conditioning might have contributed to the low R2.
Efforts will have to be made in the field to correct this A/C reporting error, such as taking daily air exchange rate measurements or collecting information on A/C use from workplaces and the school. In addition, the spatial variation of 03 also resulted in variation in personal 03 exposures in the study area. By adding factors that are associated with the spatial variation to the simple personal exposure models, the R2 was markedly improved from 0.06 to 0.19 for the fall data. Similar 
